The direct conversion of sunlight to electricity using thin film solar cells offers the potential of a low cost renewable source of energy. A major factor contributing to the low projected costs is the very small quantities of materials required as the active layers of the cells can be as little as 2 microns (0.0002 cm) thick. The efficiency of these low cost thin film solar cells may have to exceed 10 percent to achieve economic central power generation. Until 1976, no thin film solar cells with above 7 percent efficiency in sunlight had been reported, but since then the Institute of Energy Conversion has successively reported 7. 8, 8.55, and 9.15 percent. This paper will describe the loss minimization methodology utilized to achieve these increases in performance. Analysis shows that efficiencies as high as 14 to 16 percent for CdS-based solar cells are achievable. The research and development necessary to achieve these high efficiencies will be described. The feasibility of an extremely low cost manufacturing process capable of producing solar cells costing $250/kw will be discussed. Recent progress in development of low-cost thin-film devices shows great promise that direct conversion of sunlight to electricity can make a measurable contribution to the electrical energy supply both nationally and internationally. The direct conversion of sunlight to electricity using thin film solar cells offers the potential of a low cost renewable source of energy. A major factor contributing to the low projected costs is the very small quantities of materials required as the active layers of the cells can be as little as 2 microns (0.0002 cm) thick. The efficiency of these low cost thin film solar cells may have to exceed 10% to achieve economic central power generation. Until 1976 no thin film solar cells with above 7% efficiency in sunlight had been reported, but since then the Institute of Energy Conversion has successively reported 7.8, 8.55 and 9.15%. This paper will describe the loss minimization methodology utilized to achieve these increases in performance. Analysis shows that efficiencies as high as 14-16% for CdS-based solar cells are achievable. The research and development necessary to achieve these high efficiencies will be described.
I. INTRODUCTION
The photovoltaic solar cell is a semiconductor device which converts sunlight directly into electricity. The operation of this device is based on the photovoltaic effect which is the conversion of light energy (photons) to electrical energy in a semiconductor junction device. Like its cousin, the transistor, it is inherently simple, rugged, reliable, and long-lived. It has no moving parts other than internal currents of electrons, and is substantially maintenance-free. It can be manufactured from relatively cheap and abundant materials, and will quickly repay the energy required for its manufacture. It is clean, silent, and comparatively cool in operation. It produces no pollution of the environment or other adverse side effects. It consumes no fossil fuels or other non-renewable resources. It is powered by the only truly inexhaustible resource, the light of the sun. It is potentially capable of providing a significant portion of the nation's electrical energy needs.
Photovoltaic cells convert sunlight into electricity by exploiting the peculiar electrical properties of a class of materials known as semiconductors. In insulators, electrons are tightly attached to their parent atoms. In metals and other electrical conductors, electrons wander freely about under the slightest external influence. The electrons in semiconductors, on the other hand, are bound, but not too tightly. From a bound state, they can be dislodged and mobilized by a sudden blow, much as racked pool balls are set into motion by the impact of the cue ball. In a photovoltaic cell, these blows are provided by countless tiny bundles or "quanta" of light energy arriving from the sun, each quantum liberating precisely one electron. These liberated electrons, now possessing more energy than their still-captive fellows, would quickly lose this energy and return to a bound state if permitted to remain in the semiconductor. Internal fields, however, quickly sweep them to a neighboring material thereby converting the potential energy to usable energy. At this point, they can be collected by wires and made to deliver their energy in the form of useful work.
In practical form, the photovoltaic cell consists of a thin sandwich of one or more semiconductors, with metal electrodes on either side. A transparent coating envelops the device to shield it from harmful effects of the atmosphere and to assist the absorption of light. Cells made of crystalline semiconductors, although very thin, are stiff and inflexible. Cells made of thin-film polycrystalline or amorphous semiconductors can be rolled and unrolled like conventional roofing materials. Because the voltage and current produced by an individual cell are very small, many cells must be connected together to form arrays. The power which emerges from the array is in the form of direct current, and further conditioning is necessary to convert it to the alternating current demanded by many applications.
A number of analyses have been conducted of total power systems based on solar cells which take account of the area related costs such as site preparation, support structures, inter-connections,etc. From these studies it is concluded that the solar cell arrays will have to have an energy conversion efficiency of at least 10% for the overall electrical generation to be economically competitive. The maximum calculated efficiency with which the broad band solar spectrum can be converted to an electric output by a single energy gap solar cell is about 24%. To meet the practical requirements therefore calls for a device that achieves about 40% of the ideal conversion efficiency.
Parallel considerations to those discussed above in relation to conversion efficiency also apply to the thickness of the active layers in a solar cell. At a 10% conversion efficiency about 10 m z of cell array are required to generate at a peak rate of 1 kWatt. Analyses of total material and fabrication costs reveal that the active layers in a solar cell must be less than about 10 pm thick if photovoltaic power is to be competitive with more conventional sources of supply.
II. CdS/Cu2S CELLS-PROGRESS
A photovoltaic effect in CdS was first reported by Reynolds for a junction made by depositing a thin film of copper on a cadmium sulfide film (1) . Later work established that the actual junction was between CdS and Cu2S (2) . A substantial number of research efforts have since been conducted on this photovoltaic heterojunction and although some variation exists, cells have generally been made by reacting a vapor deposited cadmium sulfide film with a cuprous ion solution. A major research effort aimed towards space applications was conducted during the 1960's (3, 4) . These and many other investigators have reported conversion efficiencies in sunlight of between S and 6% with a limited number reporting efficiencies up to 7%. Thin film cells with energy conversion efficiencies of 7.8% when measured in direct sunlight were first reported in 1976 (5,6). The methodology and experiments which led to this development and the further demonstration of 8.5% in 1977 (7) and subsequently 9.15% in 1978 (8) for CdS/Cu2S cells follows.
II.1 Methodology
The methodology is based on loss minimization; i.e., selective identification, analysis, and amelioration of those factors which cause the power output to fall below the ceiling set by available insolation. By use of this procedure, it is shown that cell design is primarily governed by the physical parameters of the material chosen for the "absorber-minority carrier generator," secondarily influenced by the parameters of the material chosen for the "majority carrier convertercollector" and virtually independent of the overall device configuration or structure.
The application of this loss minimization technique was the basis for the experiments which led to the improvements in energy conversion efficiency, measured in direct sunlight, of the CdS-based thin film photovoltaic cell. Figure 1 illustrates the cell configuration that has been in use for this type of solar cell for the last fifteen years. This technology utilizes a metal substrate, evaporated cadmium sulfide, copper sulfide (formed by reaction with a cuprous ion solution),and a pressure bonded grid for electrical contact (3, 4) .
Based on this technology, the group at the University of Delaware achieved average efficiencies of almost 5% in early 1975 (9). By December of 1975, the average efficiency had increased to almost 6% in sunlight, but more importantly, the efficiency distribution curve was skewed to the high efficiency limit of 6.80 (10). These skewed data indicated that the materials and processes had been optimized for this solar cell design and using these experimental results, the basic loss mechanisms were analyzed to determine design changes which had to be made to raise the efficiency beyond 6.8% (5).
IT.2 Analytical Results
CdS/Cu ? S Cell. The design limits for the conversion efficiency p, short circuit current j sc , open circuit voltage Voc , and fill factor FF of various cell configurations based on the current laboratory technology have been published (5). An update of this analysis using recently measured parameters is given in Tables 1, 2 and 3 . Most of the parameters can be independently measured and it is these measurements which lead to the changes in goals and targets for the next generation of cells.
All laboratory experiments are aimed at achieving 95% of the design limit and this has been reached for the March 1978 generation. The goal of the current experiments is to develop a cell which is within 5% of the design limit designated in the tables as the present generation with more than 10% conversion efficiency.
Open Circuit Voltage. From theoretical considerations, a significant increase in V oc can be expected if the highly textured junction characteristic of the March 1978 cell generation is replaced by a smoother junction of less effective area (5). Such junctions have been obtained by forming the Cu2S on evaporated, unetched CdS using a solid state reaction between evaporated CuCl and CdS. The resulting junction follows the untextured surface contours and does not penetrate down the CdS grain boundaries. Cells with V = 0.56 V have been produced in this way consistent wiHl a junction area of about x 1.5 the cell area.
The modeling and analysis of the CdS/Cu2S cell has shown that the achievable conversion efficiency is limited by the open circuit voltage. This is fixed by the electron affinity mismatch between CdS and Cu2S. If the CdS is replaced by the mixed sulfide (CdZn)S an electron affinity matching can be achieved and the achievable open circuit voltage raised to ti0.7 V. This then makes possible practical conversion efficiencies of 14-15% . Short Circuit Current Density. A major factor determining j sc is the photon loss due to reflection at the outer Cu2S surface (5). Estimates of this loss for several cell designs are shown in Table 1 .
The low reflectance of the March 1978 cell is due to the textured Cu2S layer and an SiO anti-reflection laver. Reflection measurements show that the total reflection loss after eliminating the texturing (in order to increase V oc ) is between 12 and 15%. However, calculations indicate that the total photon losses can be reduced back to about 4% by the use of more effective anti-reflection techniques than a single layer of SiO.
Some improvement in j sc can be expected in the present design by optimizing the reflectance at the substrate but a major reduction of losses during the second light pass through the cell can only be achieved by a coupled optimization of Cu2S and CdS thickness and substrate reflection. This is the basis of the next generation cell design.
Fill Factor. The increases in the fill factor (FF) design limit from 0.71 to 0.74 and ultimately 0.75 result from the increases in V oc and reductions in losses due to Cu2S resistivity and field effects.
The FF values achieved in present high efficiency cells are somewhat lower (w 0.71) than the March 1978 design limit. Several factors may be contributing. Analysis of the variation of FF with spectral content has shown that voltage dependence of the interface collection factor is significant. This voltage dependence is caused by the behavior of compensating centers in the junction region. Control over the relevant centers will be sought by controlling the compensation of the CdS using appropriate heat treatments. Other possible causes of FF reduction could be the presence of light sensitive Au/CdS barriers at defects in the Cu 2 S layer and various grid irregularities.
It is clear that the CdS/Cu2S cell can exceed 10% efficiency with the enhanced V oc from a planar junction. Technology must be developed to give net photon losses at or below the current levels. Refinement of techniques to control the collection field in the CdS depletion region and the various resistive losses should bring the fill factor close to 0.74.
The next cell generation is predicted to have a design limit of u 11.60.
II.3 Experimental Results
Upon completing the initial cell analysis, it was concluded that the major loss which could be eliminated occurred at the front contact where only 81% of the incident radiation was being transmitted. It appeared that this loss could be reduced by the simple engineering change of using a grid with wider spacing and narrower lines. In particular, it was calculated that a grid with 9S% transmission should give about a 17% increase in current and hence in efficiency.
Such a grid was made and applied to cells that would have had efficiencies of about 6.5% with the previous, less transparent grid. The predicted increase in efficiency was not observed. Even though the short circuit current increased as expected, the fill factor degraded. The series resistance responsible for this degradation was higher than could be accounted for by the smaller geometric contact area of the new grid (only one quarter that of the original grid). It was found that the new grid failed to make contact to the Cu 2 S over a significant fraction of the grid area.
To get better contact with a grid of this high transparency, gold was evaporated onto the Cu2S through a suitable mask. However, cells with these evaporated grids had very low shunt resistances, suggesting that there were areas with direct contact between the gold and the underlying CdS layer. It was subsequently determined that this direct contact was occurring largely at the current collecting tab region of the cell which makes up the majority of the deposited gold area (See Figure 2) .
To overcome the problems associated with these two grid systems, a hybrid grid system was developed which is a combination of the two. Gold grid lines were first evaporated to give good contact to the Cu2S, but without the current collection tab to prevent the low shunt resistance. Following evaporation, a pressure bonded grid was laminated over the evaporated grid (in an orthogonal configuration) for good current collection. This hybrid system had about a 5% loss in optical transmission over that of a single high transparency grid, but it did result in the predicted increase in efficiency of the cells. Figure 3 shows the distribution of efficiencies for 24 cells produced during June 1976 with the grid configuration described above. The average efficiency is over 6.8% and the maximum efficiency achieved during June was 7.64% in an actual rooftop test. During July a further improvement in maximum efficiency to 7.77% was achieved, Figure 4 . Cross checking with the NASALewis Research Center's test facility has validated these reported efficiency measurements (11).
The distribution in Figure 3 is skew, indicative of a design limit. There are still significant losses from optical transmission of the grid which is only 91% for this hybrid grid design. The June 1976 cell design results in absorption and reflection losses at the cover plastic and Cu2S surface totaling 8%, in addition to the 9% loss from the hybrid contact system. The hybrid grid structure was intended as an interim measure, and subsequently cells have been developed using an all-evaporated grid of 95% transmission with the addition of a single layer SiO anti-reflection coating. As can be seen from Table 1 , this should give about a 10% increase in current and a corresponding increase in cell efficiency. The problems with shunting caused by the current collection tab have been overcome by laying down a 25 um thick insulating laver underneath the tab. The design efficiency for this cell is 9.1% and an actual conversion efficiency of 8.55% was reached in 1977.
The 8.55% cell had a fill factor of only 0.66, well below the design limit of 0.71. This loss in performance was traced to imperfections in the evaporated top contact. Subsequent improvements in the gridding technology led to the demonstration of a 9.15% solar cell in March 1978. The current-voltage curve for this cell is shown in Figure S .
The efficiency achieved with the 9.6% cell design (March 1978, Table 3 ) is sufficiently close to the design limit to mandate a change to the next type of cell (present cell, Table 3 ). The design should give a slightly higher current, but the most significant advance expected is in open circuit voltage. The cells made so far have all had open circuit voltages of % 0.50 V. This is largely determined by the electron affinity mismatch between the Cu2S and the CdS, which reduces the achievable voltage by 0.2-0.3 V. As previously mentioned, the elimination of surface texturing and grain boundary Cu2S reduces the actual junction area and results in open circuit voltages up to 0.56 V. There is a short circuit current penalty caused by not etching the CdS, as the front surface reflection is then markedly increased and light trapping after reflection from the substrate no longer takes place. To maintain the enhanced open circuit voltage and simultaneously generate high short circuit currents, the development program is now focusing on the use of a single or double laver anti-reflection coating to bring the front surface reflection back down to about 3%. The present design is calculated to have a conversion efficiency limit of 10.8%. Further reductions in the photon losses due to absorption in the CdS and metal substrate, combined with improvements in fill factor, should give an ultimate design efficiency of 11.6%, which means that actual cells of over 11% efficiency should be producible.
II.4 Modified Solar Cells Based on CdS/Cu
The use of the CdS /Cu2S heterojunction is in large part a historical accident. Measurements of the barrier height to reverse electron flow show that the electron affinity mismatch between the two components is between 0.2 and 0.3 V, which directly reduces the achievable open circuit voltage. The Cu2S bandgap of 1.2 eV should in fact allow the development of an open circuit voltage of between 0.7 and 0.8 V. The electron affinity of the n-type side of the junction can be changed by using a solid solution of CdS and ZnS. At about 20% Zn the electron affinities of the mixed sulfide and the Cu2S are matched and open circuit voltages above 0.7 V should be achievable. If the electric field in the mixed sulfide can be tailored to give good current collection, and the Cu2S layer can be produced and maintained on the mixed sulfide in its high efficiency form, the achievable cell efficiency should be in excess of 15%. An active development effort is now underway on the mixed sulfide cell and is beginning to show promise of meeting the above goal. The first cells made had very low short circuit currents but the expected higher open circuit voltages were achieved. In the course of the first year, the short circuit currents were raised progressively from the initial 10 mA/cm 2 to values in the 15-16 mA/cm 2 region. The current voltage characteristics of two of the best cells made at that time are shown in Figure 6 .
The mixed sulfide layers first deposited were of high resistivity, resulting in low electric fields in the region of the junction and hence poor current collection. A concentric evaporation source has now been developed for the simultaneous evaporation of CdS and ZnS in the desired ratio (12). The evaporation temperature largely controls the film resistivity and the source design now produces film of the desired resistivity, 1-10 0-cm, at usable deposition rates of 0.5-3 Um/minute. Not all of the efficiency-improving design features developed for the CdS /Cu2S cell such as high transmission grids and anti-reflection coatings have yet been applied to the mixed sulfide cell. By the end of 1982 the mixed sulfide cell should become the most efficient type, with energy conversion efficiencies of 12%.
III. CdS /Cu2S SOLAR CELLS-PROMISE
The full significance of the laboratory progress will become evident as pilot line production plants are put into operation. We have designed a continuous process for such a pilot plant which is illustrated in Figure 7 . As shown schematically in this figure the solar cell manufacturing process consists of five basic operations: (1) preparation of substrate and back contact, (2) deposition of the CdS (generically called the converter-collector), (3) formation of the Cu2S (generically called absorber-generator), (4) application of the transparent contact, and (5) the deposition of the encapsulation. The process has been deliberately compartmentalized to facilitate process improvements,suchas lower cost deposition techniques for the collector-converter.
We have carried out a preliminary equipment design, a preliminary process design, mass balance calculations, and an economic evaluation, all under the assumption that thermal evaporation will be used for the collector-converter. This analysis rests in turn on current state-of-the-art batch procedures at the Institute of Energy Conversion, and forms the basis for both the projected batch and continuous process plants.
The analysis further assumes a solar cell with 10% conversion efficiency. The essential result of this analysis is that continuous processing becomes cheaper than batch processing between the 10 MW and 100 MW level as shown in Figure 8 .
The feasibility of an extremely low cost manufacturing process will be demonstrated with the development of a continuous process pilot plant capable of a one megawatt annual capacity. Development of this plant leading to the availability of the $250 /kWatt solar cells for the direct conversion of sunlight into electricity will quickly shift the solar electric generation issues from solar cell devices to a strong application orientation requiring increased emphasis on applications, deployment techniques, installation and storage.
IV. SUMMARY. CONCLUSIONS AND FUTURE WORK
The application of loss minimization techniques to specific designs of CdS /Cu2S thin film photovoltaic solar cells has successfully identified those areas where design changes and the development of new fabrication techniques can lead to improvement in energy conversion efficiency. The successful development of novel fabrication technology has led to the reproducible improvement in direct sunlight, from an original level of 6.8% achieved ii. December 1975 to 9.15% presently reported.
Further application of this loss minimization technique indicates that significant improvements in open-circuit voltage as well as continued improvements in current and fill factor can lead to the development of a CdS /Cu2S thin film solar cell with an energy conversion efficiency in excess of 10%. This 10% efficiency should be achieved within one year.
Further analysis indicated that the substitution of zinc for 15% to 250 of the cadmium will increase the voltage and should lead to energy conversion efficiencies, for solar cells of this type, in excess of 14%.
The development of the continuous process pilot plant will demonstrate the feasability of constructing and operating a full scale manufacturing plant for CdS /Cu2S solar cells capable of selling for as little as $250 /kilowatt as early as 1986. The continued development of this extremely low cost solar cell technology will lead to the creation of significant quantities of energy both nationally and internationally by the direct conversion of sunlight to electricity. Efficiency 7.77%. Table 3 . Maximum achievable cell efficiencies for various cell designs.
